Forty-three polyphenols from tea leaves were evaluated for their anti-oxidative eŠect against lipid peroxidation by the ferric thiocyanate method in vitro. Among these, 1,4,6-tri-O-galloyl-b-D-glucose (hydrolyzable tannin) showed the highest anti-oxidative activity against lipid peroxidation, even stronger than that of 3-tert.-butyl-4-hydroxyanisole (BHA). The assay demonstrates that tea polyphenols, except for desgalloylated dimeric proanthocyanidins that possess a catechin structure in the upper unit and desgalloylated ‰avan-3-ols, and excepting thea‰avin 3,3?-di-O-gallate, had more antioxidative activity than that of a-tocopherol. The chemical structure-activity relationship shows that the antioxidative action advanced with the condensation of two molecules of ‰avan-3-ols as well as with 3-O-acylation in the ‰avan skeleton such as that by galloyl, (3?-Omethyl)-galloyl, and p-coumaroyl groups.
In the course of our systematic search for natural anti-oxidative compounds, we have recently reported on the structure and anti-oxidative activity relationship exhibited by basic core structures such as bibenzyls, phenanthrenes, lignans and ‰avones in association with hydroxyl groups and methoxyl groups. [1] [2] [3] [4] [5] The antioxidive activity of various kinds of tea extracts was also evaluated, especially in principal compositions such as (")-epigallocatechin 3-O-gallate (EGCG), (")-epicatechin 3-O-gallate (ECG) and other major polyphenols. [6] [7] [8] [9] [10] [11] [12] Furthermore, the antioxidive power of a tea extract in vitro depends on the increase in the total amount of tea polyphenols. 13) Tea polyphenols have been well examined for their biological and pharmacological activities, i.e., lipid peroxidation, 14, 15) anti-oxidative suppression of lowdensity lipoprotein, 16) anti-mutagenicity, 17) anti-HIV eŠect, 18) anti-allergic eŠect, 19) DNA cleavage, 20) antitopoisomerase I and II, 21) and DNA scission. 22) We have so far undertaken a chemical examination of the constituents of green tea, 23, 24) oolong tea [25] [26] [27] and black tea, [28] [29] [30] and elucidated the chemical structures of over sixty polyphenols. The aim of this present study is to focus on the in vitro anti-oxidative eŠect that will provide collective data for the chemical structure-activity relationship of the major and minor tea polyphenols.
Anti-oxidative assay. The 43 polyphenols, 1-43, used in this study had previously been isolated from green tea, oolong tea and black tea (Fig. 1) . [25] [26] [27] [28] [29] [30] The anti-oxidative activity of each test sample was evaluated by the ferric thiocyanate method.
31) The activity of the polyphenols was assayed at a concentration of 0.5 mM, with reference to the concentration of atocopherol as the control, which is widely used as the typical antioxidant additive for foods, since it has been set to 0.02z equivalent to 0.469 mM in the Kikuzaki and Nakatani method. 31) A mixture of 2.51z linoleic acid in an EtOH solution (0.80 ml), a 0.05 M phosphate buŠer (pH 7.0, 1.60 ml) and H 2 O (0.80 ml) was added to an EtOH solution of each sample (1.80 ml) in a vial sealed with a cap, and each vial was then placed in the dark at 409 C to accelerate the oxidation. After the 5th day of incubation, the assay solution (0.05 ml) was diluted with 75z EtOH (4.85 ml) and then by 30z ammonium thiocyanate (0.05 ml). Precisely 3 min after adding 0.02 mM ferrous chloride in 3.5z hydrochloric acid (0.05 ml) to the reaction mixture, the absorbance of the developed red color was measured at 500 nm. The control sample was prepared in the same manner by mixing all the same chemicals and ingredients and by excluding the test compounds.
3,5) a-Tocopherol and BHA were used as references.
Anti-oxidative activity of the polyphenols. Among The tea polyphenols are classiˆed into two groups: primary polyphenols including ‰avan-3-ols (A), proanthocyanidins (B), chalcan‰avan dimers (C), oolonghomobis‰avans (D) and hydrolysable tannins (E) that originally constitute green tea leaves; the secondary polyphenols are those compounds biosynthesized from primary polyphenols, speciˆcally from ‰avan-3-ols, by polyphenol oxidase during fermentation and include theasinensins (F) and thea‰avins (G) isolated from semi-and fermented tea leaves such as oolong and black tea. the fourteen ‰avan-3-ols, (")-epiafzelechin 3-Ogallate (EAG, 2) showed the highest level of activity against lipid peroxidation (Table 1 and Fig. 1(A) ). Non-acylated ‰avan 3-ols exhibited a markedly lower activity than their acylated ‰avan-3-ols, and the decrease in anti-oxidative activity was in the order of decreasing hydroxyl number of the B-ring. Thus, we concluded that acylation at the 3-ol position of the ‰avan skeleton was required for a strong anti-oxidative eŠect. Acylation by 3?-O-methyl galloyl and 3-Op-coumaroyl groups resulted in greater activity than that by a galloyl group. Our anti-oxidative data, which show increasing activity in the order of EGCG (9)ÀECG (5)ÀEGC (8)ÀEC (4), are inconsistent with previous results in the order of EGCGÀEGCÀECGÀEC reported by methods of active oxgen, 6) superoxide anion, hydroxyl radical and 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging, 9) and by the lipid peroxidation of rat liver homogenates induced by tert-butyl hydroperoxide (BHP). 14) However, the data are in good agreement with those determined for paraquatinduced oxidative stress in rats 10) and in lipophilic phases.
32) It seems likely that the presence of a galloyl group in the 3-ol position of the ‰avan structure was more important than the kind of B-ring structure for the signiˆcant anti-oxidative property by this method.
10) Therefore, the anti-oxidative activity depended upon which types of radical were used in the experiments.
We suggest that the reason why (")-epiafzelechin 3-O-gallate (2) showed the highest activity among the ‰avan-3-ols was due to not only the presence of a galloyl group, but also to the concomitant contribution of a galloyl group and to the A-and B-rings of a ‰avan skeleton on anti-lipid peroxidation, since the H2O2 oxidant system provided unambiguous proof that oxidation could occur at the A-ring.
12)
Moreover, Senba et al. have concluded that the Bring and a galloyl group did not act independently, that is to form a new group between them, on DPPH radical scavenging. 33) All the proanthocyanidins showed less activity than EGCG (9) and ECG (5), but higher activity than their non-acylated structures 8 and 4 ( Fig. 1(B) ). Acylation by a galloyl group exhibited the higher inhibition of lipid peroxidation in 20 and 23. Saint-Cricq de Gaulejac et al. have concluded that the (")-epicatechin unit was more e‹cient than the (+)-catechin unit in a proanthocyanidin structure for antioxidative action, 34) and our result agrees with this conclusion, since B-4 types of proanthocyanidins, which possess a catechin structure in the upper unit, did not show any relatively higher activity than those possessing an epicatechin structure in the upper unit, excepting those with a galloyl group in lower epi(gallo)catechin unit.
Assamicains and oolonghomobis‰avans also had potent anti-oxidative activity ( Fig. 1(C) ). Di-desgalloyl oolonghomobis‰avan A (29) showed less activity than oolonghomobis‰avan A (28). It is suggested that a methylene bridge linking the 8,8?-positions of the two ‰avan units was responsible for the higher activity ( Fig. 1(D) ).
Among the hydrolyzable tannins, 1,4,6-tri-Ogalloyl-b-D-glucose (31) showed the highest level of activity among all forty-three polyphenols, this activity being higher than that found in BHA or atocopherol. Since b-glucogallin (30) showed much less activity than 31, galloyl groups at positions 4 and 6 of the glucose core were quite important for this activity. On the other hand, condensation between the two galloyl groups at the ortho-hydroxyl 2?-position, as found in strictinin (32) , decreased the activity ( Fig. 1(E) ).
Secondary polyphenols 34-43 also had an antioxidative eŠect, presenting a higher level of activity than that of a-tocopherol, except for thea‰avin 3,3?-di-O-gallate (43). Yoshino et al. clariˆed for theˆrst time the anti-oxidative eŠect of thea‰avin (TF) and thea‰avin monogallate (TFM-A) in comparison with ‰avan-3-ols by using the peroxidation of a rat liver homogenate induced by BHP and they concluded that the activity increased is the following order: EGCGÀTFM-AÀEGCÀECGÀTFÀECÀCAÀ BHAÀdl-a-tocopherol. 14) Our result is inconsistent with their data, but resulted in a similar order: BHAÀEGCG (9)ÀECG (5)ÀTF (41)ÀTFM-A (42)Àa-tocopherolÀCA (3)ÀEGC (8)ÀEC (4) .
Theasinensins 34-38 that possess R-and S-forms (atropisomerism) in the biphenyl moiety did not show any signiˆcant diŠerence in activity ( Fig. 1(F)) ; however, the activity increased with additional galloyl groups. The activity levels of thea‰avins 40-43 show that the introduction of galloyl groups decreased the activity. It is suggested that a benzotropolone structure itself was important to the activity ( Fig. 1(G) ). 14, 15) Acylated ‰avan-3-ols are the major components with relatively strong anti-oxidative activity among tea polyphenols. Dimeric structures such as proanthocyanidins, oolonhomobis‰avans, theasinensins, and thea‰avins are also responsible for the antioxidative eŠect. It is thus concluded that the antioxidant eŠect of tea lies not only with the major components, EGCG and ECG, but also with other minor polyphenols including monomeric and dimeric ‰avan-3-ols and hydrolyzable tannins. The eŠect could be determined according to the quantity and quality blended by these polyophenols.
